flow rates according to high cut rates [1, 5, 6] ; however, a recent publication has shown that higher duty cycle is associated with higher water flow but not necessarily with higher vitreous flow rates [7] . This finding is mainly related to changes in the duty cycle with increasing cut rates [8] . Dual pneumatic systems, which use two separate air lines to open and close the cutter, are able to achieve high cut rates and can modulate the duty cycle [8] . The use of ultra high-speed cutters [up to 5,000 cuts per minute (CPM)] should increase the vitreous flow by reducing the size of the vitreous pieces and consequently reducing its viscosity and resistance to the flow inside the aspiration tube [9, 10] .
Choosing the optimal instrumentation and settings has become increasingly challenging [11] . The current availability of 20-, 23-and 25-gauge vitrectomy systems provides surgeons with enhanced flexibility but creates questions about the respective advantages, limitations and indications for each system. A good understanding of the different flow rate settings is essential for the surgeon and can lead to safer procedures.
The purpose of this study was to analyze the influence of different cut rates and aspiration levels with three distinct sizes of cutters on the flow rate performance of ultra high-speed cutters operated with a commercially available dual pneumatic vitrectomy system.
Materials and Methods
Performance of the 20-, 23-and 25-gauge cutters (three cutters for each gauge) was tested using the Constellation Vision System (Alcon Labs Inc., Fort Worth, Tex. USA) with the standard duty cycle setting of the machine (maximum port open time achieved at each cut rate).
Duty cycle was evaluated using a stop-action camera (Motionscope M1, Red Lake, Tokyo, Japan) with resolution of 1,000 frames per second in order to a capture a high-speed video of the cutter action. Frame-by-frame analysis of the video was used to determine duty cycle as a function of speed. Two masked investigators independently analyzed the frames to determine the cutting phases (completely open, opening, closing, and closed) of the system standard duty cycle. Opening time was defined as the time between the first frame of guillotine opening and the last frame of guillotine disappearance. Open time was measured between the end of opening time and the start of closing time. Closing time was defined as when the guillotine reappeared through the cutting port until it was completely closed. Closed time started from the end of closing time and ended at the start of opening time. The final duty cycle was generated by the equation: duty cycle = [open time + 1 / 2 (opening time + closing time)]/cycle duration. For flow rate tests, each cutter was suspended in a vial of either water or porcine vitreous fluid. The vitreous fluid used for the experiments was carefully removed en bloc from porcine eyes enucleated less than 12 h postmortem. All eyes were kept at 4 ° C before use.
The vials were placed on a precision (0.01 g) balance (Ohaus Corp. Parsippany, N.J., USA) that continually measured the weight of remaining water or vitreous fluid throughout each trial. Using a high-sampling (2 samples/s) data acquisition software (Lab-VIEW, National Instruments, Austin, Tex., USA), the remaining mass was recorded in real time and results were converted to volume removed as a function of time -flow rate (ml/s). The density of the porcine vitreous fluid was assumed to be approximately equal to the density of water (d = 1 g/ml). Thirty-six experiments were conducted for each cutter at different cut rates [0 (only for water), 1,000, 2,000, 3,000, 4,000 and 5,000 CPM] and aspiration levels (100, 200, 300, 400, 500 and 600 mm Hg) in both water and vitreous fluid. A total of 300 measurements were taken for water and 600 measurements for vitreous fluid in each experiment.
The average and standard deviation of water and vitreous flow rate were calculated for each size (gauge), aspiration level and cut rate. Repeated measures of variance analysis tested the mean water and vitreous flow rates between aspiration and cut rates. Mixed models with repeated measures were used to obtain regression equations to predict mean water and vitreous flow rates. Average flow rate differences among the three different gauges analyzed were calculated by repeated measures analysis of covariance. SAS version 9.1 programming language (SAS Institute Inc., Cary, N.C., USA) was used for all analyses. The accepted level of significance for all tests was a p value of ! 0.05.
Results

Duty Cycle for 20-, 23-and 25-Gauge Cutters
For 20-, 23-and 25-gauge cutters analyzed, standard duty cycle peaked at 1,000 CPM and dropped linearly as the cut rate increased, ranging from 83 to 54% for 20-gauge, from 78 to 54% for 23-gauge and from 83 to 50% for 25-gauge cutters ( fig. 1 ). Incomplete port closing and opening was not observed for any of the three gauges using independent analysis of high-speed video results.
Water Flow for 20-, 23-and 25-Gauge Cutters
The water flow rate for 20-, 23-and 25-gauge cutters at various cut rates and different aspiration levels is depicted in figure 2 . Water flow rates for all sizes of cutters increased with aspiration levels, peaking at 0 CPM and dropped with increasing cut rate. This trend was significant at all tested aspiration levels (p ! 0.05, except for the 25-gauge cutter at 100 mm Hg aspiration).
The water flow rate for the 20-gauge cutter increased proportionally 0.091 ml/s for every 100 mm Hg increase in aspiration level and decreased proportionately 0.063 ml/s for every 1,000 CPM increase. For the 23-gauge cutters, flow increased proportionately 0.041 ml/s for every 100 mm Hg increase in aspiration level and decreased proportionately 0.024 ml/s for every 1,000 CPM increase. For the 25-gauge cutters, flow increased proportionately 0.029 ml/s for every 100 mm Hg increase in aspiration level and decreased proportionately 0.009 ml/s for every 1,000 CPM increase (p ! 0.001 for all). The coefficient of determination of this water flow model varied from 0.87 to 0.94 ( table 1 ) .
Vitreous Flow for 20-, 23-and 25-Gauge Cutters
Vitreous flow rates for 20-, 23-and 25-gauge cutters at various cut rates and different aspiration levels are depicted in figure 2 . The flow was significantly higher when using larger gauges (p ! 0.001; table 2 ). Vitreous flow rates for 20-, 23-and 25-gauge cutters increased with increasing aspiration and cut rates (p ! 0.05)
Vitreous flow for the 20-gauge cutter increased proportionately 0.021 ml/s for every 100 mm Hg increase in aspiration level and increased proportionately 0.007 ml/s for every 1,000 CPM increase. For the 23-gauge cutters, flow increased proportionately 0.008 ml/s for every 100 mm Hg increase in aspiration level and increased proportionately 0.003 ml/s for every 1,000 CPM increase. For the 25-gauge cutters, flow increased proportionately 0.004 ml/s for every 100 mm Hg increase in aspiration level and increased proportionately 0.002 ml/s for every 1,000 CPM increase (p ! 0.001 for all). The coefficient of determination of this vitreous flow model varied from 0.79 to 0.91 ( table 1 ) .
Discussion
During vitrectomy surgery, fluidics inflow has to be equal to outflow in order to maintain stability and avoid intraocular complications. At least 10 physical and independent factors influence the outflow rates: (1) viscosity of the aspirated fluid; (2) inner diameter of the vitrectomy probe; (3) size of the fragmented vitreous; (4) turbulence of the fluid inside and outside of the probe and aspiration tube; (5) size of the cutting port; (6) length of the aspiration tube; (7) structure of the instruments; (8) aspiration level; (9) cut rate, and (10) duty cycle [6, 7] . Viscosity of aspirated vitreous fluid depends on the initial viscosity of the gel, change in viscosity induced by the fragmentation action of the vitrectomy probe, and the resistance of the fluid inside of the aspiration tube [12] . While water is readily aspirated, vitreous fluid requires cutting in small pieces before the final aspiration.
Water flow rate curves were similar to the duty cycle curves, peaking at 0 CPM and decreasing linearly with increasing cut rates. As cut rate increases, duty cycle reduces to some degree and flow rates become disproportionally lower. In conventional cutters, duty cycle can decrease to 6.3% at high cut rates [9] . Although it is known that pneumatic cutters with spring return systems are limited in controlling the duty cycle, it has been reported that the duty cycle could be maintained up to 63% at 2,500 in one of those cutters [7] . In this experiment, the dual pneumatic ultra high-speed system maintains a relatively high duty cycle, even at higher cut rates for all sizes of vitreous probe (50-54% of duty cycle at 5,000 CPM among the three gauges tested).
Changes in aspiration and cut rate were responsible for 79-91% of the vitreous flow rate variability in this regression model analysis. Vitreous flow rates showed an increasing trend for all gauges tested, with increasing aspiration and cut rates. Vitreous fluid is classified as a semisolid mixture of water, collagen fibers and hyaluronic acid and contains pieces that can obstruct the cutter port and increase resistance of flow inside of the tube [4] . At high cut rates, smaller pieces are less resistant to aspiration and flow is increased [7] . Additionally, a smaller vitreous piece lowers the traction on the vitreous body [8, 13] . This physical property would be beneficial for two main situations of vitreous removal: (1) core vitrectomy, where higher aspiration is useful, and (2) vitreous shaving, where lower flows are required. Experimental studies have shown that vitreoretinal traction decreases with increasing cut rates (up to 2,500 CPM), but no ultra highspeed cutters have been studied [13] . Clinically, the use of high cut rates (5,000 CPM) has shown benefits in terms of duration of vitrectomy time and incidence of iatrogenic retinal breaks [14] .
New developments aim to increase surgical precision and thus improve safety and efficacy of vitreoretinal surgery. Transconjunctival vitrectomy systems have greatly improved patient comfort and has allowed for faster postoperative recovery [15] . However, small-gauge technique can present some disadvantages, especially in complicated cases where extensive manipulation is required. Smaller-gauge vitrectomy probes are more flexible and may result in difficulties when used to rotate the eye for removal of peripheral vitreous fluid [16] . Also, small-gauge vitrectomy instruments require higher aspiration to cre- ate a posterior vitreous detachment and to achieve a reasonable rate of vitreous fluid removal [11] . Knowing these differences helps the surgeon decide which cases are suitable for small-gauge vitrectomy versus those that can be performed more easily with 20-gauge instrumentation. The current study demonstrated that although higher cut rates increase the vitreous flow in all probe sizes, the 20-gauge cutter removed more vitreous fluid when compared to smaller gauges. For example, when comparing the flow at 5,000 CPM, the 20-gauge cutter was able to remove 2.25-2.45 ! (100-600 mm Hg) more vitreous fluid than the 23-gauge cutter and 3.6-4.11 ! more than the 25-gauge cutters; the 23-gauge cutter is able to remove 1.6-1.67 ! more vitreous fluid than the 25-gauge, using the same parameters. 20-Gauge vitrectomy remains in use to facilitate complicated surgeries due to the possibility of higher flow rates, stiffness of the vitrectomy probe and the greater array of instruments available (picks, scissors, forceps, phacofragmenters). In summary, flow rates from the dual pneumatic system are stable and predictable for all sizes of cutters tested. Larger size of the cutters, as well as higher aspiration and cut rate levels resulted in improvement of vitreous flow rates. Although under real surgical conditions, heterogeneous composition of fluid makes fluid dynamics less predictable, these findings should help the surgeon in selecting the optimal outflow parameters to carry out a safe and effective surgery.
